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URANIUM PURIFICATION BY THE 
PROCESS OF SALT TRANSPORT 

by 

J. B Knighton, 1. Johnson, 
and R. K Steunenberg 

ABSTRACT 

An experimental investigation was conducted on the 
chemical aspects of a sa l t - t ranspor t process for the purifi
cation of uranium. Separations by means of salt t ransport 
a re based on the selective transfer of a metallic solute from 
one liquid alloy to another by the circulation of a molten salt 
between the two alloys. Distribution-coefficient and solu
bility measurements were made to provide data needed to 
select suitable conditions for a uranium sal t - t ranspor t pro
ces s . Values are given for the distribution coefficients of 
uraniunn between molten MgClj or MgCl^-alkali chloride 
mixtures and the following liquidalloys: Cu-Mg. Cu-Cd-Mg, 
Cd-Mg Cd-Zn-Mg and Zn-Mg. The solubilities of uraniunn in 
these liquid alloys are also reported. The advantages and 
disadvantages of various combinations of alloys and salts for 
a uranium purification process are discussed. 

1. INTRODUCTION 

The te rm "salt t ranspor t" has been applied to a purification tech
nique whereby a metallic solute is t ransferred selectively from one liquid 
alloy (donor) to another liquid alloy (acceptor) by circulating a molten salt 
between the two alloys. The transfer takes place through oxidation of the 
solute by the salt at the donor alloy and its subsequent reduction by the 
acceptor alloy. The objective of the work described in this report was to 
investigate the chemical aspects of a uraniunn sa l t - t ranspor t step that 
could be incorporated into a pyrochemical process for fast breeder reactor 
fuels. Subsequent bench-scale engineering studies of the uranium salt-
t ransport procedure that were based on the resul ts of this study are covered 
in a separate repor t . ' Although this work was directed pr imari ly toward 
fuel reprocess ing, the resul ts may be useful for other applications, such as 
the preparat ion of high-purity uranium metal or the recovery of enriched 
uranium from scrap mater ia l . 



Various survey papers have been published on high-temperature 
liquid metal-molten salt extraction methods for the processing of nuclear 
reactor fuels.^"'' Certain investigations that were car r ied out ear l ie r at 
Brookhaven National Laboratory and at Ames Laboratory are part icular ly 
relevant to sal t- transport separations. The Brookhaven work involved a 
process that was being developed for the fuel of the proposed LMFR (Liq
uid Metal Fuel Reactor).'""'^ This process ennployed a procedure in which 
UCI3 in a molten salt phase was reduced selectively by a Bi-Mg alloy to 
separate uranium from ra re earth fission products. The uranium was then 
reoxidized by a new salt s t ream and reduced again by Bi-Mg to form a 
Bi-Mg-U fuel alloy. At Ames Laboratory, Chiotti''* patented a sa l t - t ranspor t 
method for removing r a re earth fission products from a Th-Mg alloy. The 
rare earths were selectively oxidized by MgClj and subsequently removed 
from the MgClj by reduction with a Zn- 10 at. % (4 wt %) Mg alloy. This 
work was extended by Chiotti and Klepfer,'^ who developed a sa l t - t ranspor t 
separation employing liquid Th-Mg and Zn-Mg alloys in mutual contact 
with a salt. 

In the present studies, magnesium alloys of zinc, cadmium, and 
copper were investigated as potential donor and acceptor alloys for the puri
fication of uranium by the sal t- t ransport process . These studies included 
measurements of the solubility of uranium in the liquid alloys, and measu re 
ments of the distribution coefficient for uranium between molten salt mix
tures containing MgClj and liquid magnesium alloys. The effects of alloy 
composition and temperature on the solubility and distribution coefficient 
of uranium were determined. The dependence of the distribution coefficient 
on the salt composition was also studied. 



II. CHEMICAL BASIS OF SALT-TRANSPORT SEPARATIONS 

A. Part i t ion of Solutes between Liquid Metals and Salts 

The separation of uranium from impurity elements in a salt-
t ranspor t p rocess depends pr imari ly upon differences in the distribution 
of uranium and the impurity elements between the liquid metal and salt 
solvents. In general t e rms , a metal, M, partit ions between a liquid mag
nesium alloy and a molten salt phase containing MgCl^ by the reaction 

M(alloy) -I-YMgCli(salt) ^MClj^(salt) -(• ^ Mg(alloy). (l) 

The thermodynamic (activity) equilibrium constant K^ can be ex
pressed in t e rms of mole (or atom) fractions x and activity coefficients y 
of the reactants and products as follows; 

n/z n/z 
"MCI ''Mg •^MCl "̂ Mg 

Ka = ^ ^ - ^ - (2) 
M MgClj '^M'MgClj 

The distribution coefficient D for the metal M is defined as the ratio of 
the mole fraction of MCln in the salt to the atom fraction of M in the 
alloy; 

° = "MClnAM- (3) 

The equilibrium constant K^ is related to the standard free energy 
change AG° for Reaction 1 by the equation 

-RT In K^ = AG° = A G r ^ ^ l ^ ' T^^^MgCl , ' <*> 

where AGf!,.-, and AGf?, ^ , a re the standard free energies of fornna-MClji MgClj 
tion of MClfi and MgClj, respectively. Equation 4 indicates that metals 
whose chlorides have free energies of formation more negative than that of 
MgClj (on a per mole of chlorine basis) will tend to distribute predominantly 
to the salt phase (K^ > 1). When the free energy of fornnation of MClj, is 
less negative than that of MgClj (K^ < l), the metal M will tend to d is t r ib
ute to the alloy phase. 

By substitution and rearrangement , the distribution coefficient may 
be expressed in logarithmic form as 

^°^ ° " E I R T * \'l ^°^ ^Mg + l°g'>'M) - ( - j l ° g ^MgClj + log">'MCln)' 

(5) 
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where three groups of t e rms are shown on the right-hand side. The first 
group, the single term AG°/2.3RT, depends both on the value of the free 
energy of formation of MCl^ relative to the value for MgCl2 and on the 

temperature. The second group of t e rms , - - log aj^g -f log 7;^, depends 

on the composition of the liquid magnesium alloy and on the temperature ; 
it is independent of the salt composition. The last group depends on the 
composition of the salt and on the temperature . In general, the distr ibu
tion coefficients of various elements fall in the same order as the free 
energies of formation of their chlorides. However, significant changes in 
the magnitude of distribution coefficients occur because of solvent effects. 

In the case of uranium, most of the thermodynamic quantities in 
Eq. 5 are available from other sources, such as high-temperature mea
surements in galvanic cells and solubility studies. Estimates of the d is 
tribution of uranium from these data are in very good agreement with direct 
experimental determinations. Only a limited amount of data is available on 
activity coefficients of other metals in liquid alloys and their chlorides in 
molten salt mixtures. Therefore, their distribution behavior can be p r e 
dicted only approximately from their free energies of formation. Exami
nation of a tabulation (see Table I) of free energies of fornnation of fission 
product metals and structural materials reveals that the sa l t - t ranspor t 
process should be particularly useful for the separation of uranium fronn 
the noble and refractory fission product metals (Zr, Nb, Mo, Tc, Ru, Rh, 
and Pd), and from metals such as iron, chromium, and nickel, which are 
typical constituents of alloys used to clad nuclear reactor fuel elements. 

TABLE I. Standard Free Energies of Formation of Chlorides and 
Thermodynamic Equilibrium Constants K^ for the Reaction 

M + J MgClj — MClj, + ^ Mg at 1000°K 

MCln 

BaCl2 
K C l 

RbCl 
SrCl2 
C s C l 
SmCl^ 
L i C l 
CaCl2 
NaCl 
L a C l , 
P r C l j 
CeCl j 
ThCl j 
NdClj 
YCI3 
PUCI3 

-AGf° 
( k c a l / g - e q u i v Cl) 

83.4 
81.4 
81.2 
81.0 
80.0 
80.0 
78.8 
77.9 
75.7 
67.0 
66.3 
66.3 
65.3 
64.2 
61.2 
58.9 

K 

1.7 

1.5 

1.4 

1.5 

7 . 5 

5 .6 

4 . 1 

6 . 8 

8 .6 

1.3 

4 . 4 

4 . 4 

9 . 6 

1.8 

2 . 0 

6 . 1 

a 

1 0 " 

10= 

10= 

10'° 
10^ 

1 0 ' 

10* 

10« 

1 0 ' 

1 0 ' 

10= 

10= 

10* 

10* 

10^ 

MCln 

MgCl2 
UCI3 
Z r C l j 
MnClj 
ZnCl j 
C r C l j 
CdCl2 
F e C l j 
NbCl ; 
CuCl 
NiCl j 

. M0CI2 
TCCI3 
RhCl 
P d C l j 
RUCI3 

-AGf° 
( k c a l / g - e q u i v Cl ) 

57.7 
54.0 
49.2 
42.3 
35.0 
31.9 
30.4 
26.6 
24.6 
22.0 
20.0 

8 . 0 

7 . 0 

5 . 8 

3 . 8 

1.4 

K a 

l.OC 
3 . 8 

1.9 

1.9 

1.2 

5 . 3 

1.2 

2 . 5 

6 . 8 
1.6 

3 . 3 

1.9 
5 . 7 

4 . 5 

2 . 8 

1.2 

10-3 
l o - * 
l O - ' 

10-'° 
10" '^ 
10 - ' ^ 
lO" '* 
1 0 - " 
i o -» 
1 0 - " 
1 0 - " 
1 0 - " 
10-'2 
1 0 - " 
1 0 - " 
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The difference in the distribution behavior of two elements. Ma and 
M13, is expressed quantitatively as a separation factor 

(6) 

The separation factor is strongly dependent on the connposition of the liquid 
alloy, and to a lesser extent on the tempera ture and on the composition of 
the molten salt . 

TRANSPORT SALT 

|M,CI. 

U {Mg 

DONOR ALLOY ACCEPTOR ALLOY 

Fig. 1. Schematic Illustration of a Salt-transport 
Process for Uranium 

B. S a l t - t r a n s p o r t S e p a r a t i o n s 

A s a l t - t r a n s p o r t p r o c e d u r e 
for u r a n i u m is i l l u s t r a t e d s c h e m a t i 
ca l ly in F i g . 1. M e t a l l i c u r a n i u m , 
which is in i t i a l ly p r e s e n t in the donor 
a l loy , i s ox id ized and e x t r a c t e d into 
the t r a n s p o r t sa l t ; 

U(donor alloy) + j MgCljfsalt) 

- UCl,(salt) + J Mg(donor alloy). (7) 

When the t r a n s p o r t sa l t con ta in ing the UCI3 is c o n t a c t e d with the a c c e p t o r 
a l loy, the r e v e r s e r e a c t i o n t akes p l ace ; 

UCl3(sal t ) -I- I M g ( a c c e p t o r a l loy) - U ( a c c e p t o r a l loy) + | MgCl2(sa l t ) . (8) 

T h e r e f o r e , the net r e a c t i o n is 

U(donor a l loy) •^ - M g ( a c c e p t o r a l loy) -• U ( a c c e p t o r a l loy) 

+ 7 Mg(donor a l loy) . (9) 

F o r e a c h mo le of u r a n i u m t r a n s f e r r e d f rom the donor a l loy to the a c c e p t o r 
a l loy , 1.5 m o l e s of m a g n e s i u m a r e t r a n s f e r r e d in the oppos i t e d i r e c t i o n . 
The i n c r e a s i n g c o n c e n t r a t i o n of m a g n e s i u m in the donor a l loy and m a g n e 
s i u m d e p l e t i o n in the a c c e p t o r a l loy m u s t be t aken into accoun t in the d e s i g n 
of a p r a c t i c a l p r o c e s s . 

When R e a c t i o n 9 h a s r e a c h e d e q u i l i b r i u m , both a l l o y s a r e in e q u i 
l i b r i u m with the t r a n s p o r t - s a l t p h a s e , and the r a t i o R of u r a n i u m in so lu 
t ion in the a c c e p t o r and donor a l l oys is equa l to the r a t i o of the d i s t r i b u t i o n 
coe f f i c i en t s of u r a n i u m for each a l loy and the sa l t : 

R = 
a t . % U in a c c e p t o r a l loy 

a t . % U in donor al loy 
D(donor a l loy) 

D ( a c c e p t o r a l loy) (10) 
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In principle, it might be possible to select salt-alloy systems in 
which the value of R is high for uranium and low for the impurities, in 
which case the impurities would remain in the donor alloy when the system 
reaches equilibrium. However, this is rarely, if ever, possible in a prac
tical separation process, since a system that gives a large value of R for 
uranium is likely to have a similarly large value for the impurities. Instead, 
the separation is achieved through differences in the rates at which uranium 
and the impurities are transported. 

The transfer of uranium from the donor alloy to the acceptor alloy 
is achieved by circulating the transport salt between the two liquid alloys. 
Although a variety of methods may be used to circulate the transport salt 
between the two alloys, all are basically sinnilar in that a quantity ns (moles) 
of transport salt is contacted with a quantity nj-) of donor alloy to transfer 
uranium to the transport salt. A fraction X of this transport salt and, under 
some conditions (i.e., if entrainnnent occurs), a small fraction Z of the donor 
alloy is contacted with a quantity n^ of the acceptor alloy to transfer ura
nium fronn the transport salt to the acceptor alloy. The transport salt is 
then returned to the donor alloy to complete the cycle. The fraction Fjj of 
the uranium present in the transport salt-donor system that transfers to the 
transport salt-acceptor alloy systenn is given by 

no 
D D — X + Z 

FD = . (11) 

^D 

and the fraction F^ of uranium present in the transport salt-acceptor alloy 
system transferred back to the transport salt-donor alloy system is given 
by 

"s 
D A X + Z 

"A 
^ A = . (12) 

DA +1 

where DQ and D^ are the distribution coefficients of uranium for the 
transport salt-donor alloy and transport salt-acceptor alloy systems, re
spectively It may be shown that after s cycles, corresponding to the cir
culation of a quantity sn^X of transport salt, that the fraction * of the 
uranium initially present in the transport salt-donor system transferred 
to the transport salt-acceptor alloy system is given by 
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= ( . - T ^ ) ( 1 - F « ) , (13) 

where F = (l - Fj-j)(l - F A ) (if it is assumed that no uranium is present 
initially in the acceptor alloy). Equation 13 indicates that the fraction of 
uranium t ransfer red approaches a limiting value (given by the first factor) 
as the number of cycles, or the quantity of salt cycled, is increased. The 
maximum possible fraction "tmax t ransfer red is given by 

^A DA"n 
*max = 1 - r : % ~- 1 - 5 ^ . (14) 

where the approximation is good to about 1%. 

Equation 14 indicates that if the ratio n^ /n j j is unity, then, for a 
99% t ransfer , Dj-j should be about 100 t imes D ,̂̂ . The number of cycles, 
or the quantity of t ransport salt cycled to achieve a given percentage of 
the maximum possible t ransfer , is dependent only on the value of F. For 
example, to reach 99% of the maximum possible transfer when F = 0.5 
requires about seven cycles, whereas when F = 0.7, 13 cycles are r e 
quired. Large values of Djj favor rapid transfer of uranium. 

Equations 1 1 to 14 are derived on the assumption that all the ura
nium present in the t ransport salt-donor alloy or t ransport sal t -acceptor 
alloy sys tems is in solution, either in the alloys or the t ransport salt 
However, uranium has a limited solubility in several usable alloys. If the 
uranium present in the t ransport salt-donor alloy system is not all in solu
tion, then the fraction of the total uranium present that is t ransferred to 
the acceptor alloy during each cycle of the t ransport salt would be less than 
would be the case if all the uranium present were in solution. Therefore, 
limited solubility of uranium in the donor alloy increases the number of 
cycles of t ransport salt required to transfer a given fraction of the u ra 
nium to the acceptor alloy. The quantity of uranium t ransfer red from the 
donor alloy to the acceptor alloy during each cycle will be constant (assum
ing equilibrium is established) until sufficient uranium has been t ransfe r red 
so that the amount remaining is completely in solution. 

If the uranium has a limited solubility in the acceptor alloy, the ac
ceptor alloy will become saturated after a few cycles of the t ransport salt 
and the amount of uranium back- t ransferred to the donor alloy will reach a 
constant vcLlue. This constant value is lower with a saturated acceptor alloy 
than it would be if the amount of uranium in solution in the acceptor in
creased with each cycle of the t ranspor t salt. The overall effect of l imited 
solubility in the acceptor alloy is to decrease the number of t ranspor t - sa l t 
cycles needed to t ransfer a given fraction of uranium. The maximum pos
sible fraction t ransfe r red may also be increased by limiting the uranium 
enluhilitv in the acceptor alloy. Thus, in Eq. 14, the t e rm OJIJIQ/DQUJ, is 
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multiplied by the solubility of uranium in the acceptor alloy expressed as a 
fraction of the uranium initially charged to the system. A low solubility of 
uranium in the acceptor alloy can be used to compensate for a large value 
of the distribution coefficient D^.-

The fraction of the uranium initially present in the t ransport salt-
donor alloy system that may be t ransferred to the acceptor alloy may be 
increased if the uranium present initially exceeds the solubility. For ex
ample, m a system m which a maximum transfer of 97% is possible when 
the donor alloy is initially just saturated with uranium, the amount t r an s 
ferred may be increased to 99% by increasing the amount of uranium p r e s 
ent to five times the solubility limit. However, the number of t ranspor t -
salt cycles required is increased from about 13 for the case of 97% 
transfer to about 21 for 99% transfer. 

The same principles that govern the rate of transfer of uranium 
apply to the impurities that are present in the donor alloy. Impurities for 
which the value of Fjj (see Eq. 11) is small compared with the value of F Q 
for uranium are separated from uranium by the sa l t - t ranspor t process 
Generally these impurities are those for which the value of Dp is smal ler 
by several orders of magnitude than the value of D Q for uranium An es t i 
mate of the decontamination factor, D.F,, possible with the sa l t - t ranspor t 
process can be obtained from the expression 

j^ Y = M^ilHHHEll. (15) 
<l)(impurity)' 

The fraction of uranium transferred, <I>(uranium) will be approximatelv 
unity, i.e., essentially all of the uranium will be t ransferred For small 
values of F Q , the quantity ^(impurity) (see Eq. 13) is approximately equal 
to S F Q . where s is the number of cycles needed to t ransfer the desired 
fraction of uranium and FJ-J is the fraction of impurity t ransfer red from 
the donor. Substitution in Eq, 15 gives 

D.F. = \ (16) 

which summarizes nnost of the important factors that influence the degree 
of decontamination obtainable with the sal t - t ransport process . The D.F. 
is inversely proportional to the nunnber of t ranspor t -sa l t cycles, s, or the 
amount of salt circulated, to achieve the desired uranium transfer It is 
also seen that the fraction of donor alloy entrained with the t ranspcr t salt 
must be smaller than D£)(ng/nQ)X if the maximum possible decontamination 
is to be achieved. The small values of Dj-, for the noble and refractory 
metal fission products (see K^ values in Table I) indicate that the D.F. m 
practical systems will depend upon the extent to whir-v. or,t.-i.nn.^=«» -* .^ 
donor alloy with the transport salt can be elimin 
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A. Copper-Magnesium 
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The copper-magnesium system has a number of charac ter is t ics that 
make it suitable as a donor alloy for a uranium sal t - t ranspor t separation. 
It was indicated ear l ie r that the amount of uranium that can be t ransferred 
in each cycle of the t ransport salt between the donor and acceptor alloys 
depends upon the annount of salt t ransferred and the uranium content of the 
salt. At equilibrium, the uranium content of the t ransport salt is the 
product of the uranium content of the alloy and the distribution coefficient: 

at. % U(salt) = at. % U(metal) x D Q . (17) 

In a practical process , the donor alloy would ordinarily be saturated with 
uranium through most of the operation. The solubility of uranium in the 
donor alloy and the uranium distribution coefficient should have large 
values to achieve a large uranium content in the transport salt. 

The solubility of uranium 
in a Cu-Mg alloy and the uranium 
distribution coefficient are both 
affected by the magnesium content 
of the alloy and the temperature . 
Figure 2* shows the distribution 
of uranium at 800°C between liquid 
MgClj and uranium-saturated Cu-
Mg alloys of varying magnesium 
content. As the magnesium con
tent of the alloy increases , the 
uranium distribution coefficient 
decreases at first, and then in
creases gradually at the higher 
magnesium concentrations. Fig. 
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2. Distribution of Uranium between MgCl2 Salt 
and Cu-Mg Alloy at 800OC 

T h e effect of m a g n e s i u m conten t on the so lub i l i ty of u r a n i u m in the 
C u - M g al loy at 800°C is i nd ica ted in F i g . 3. The da ta in F i g . 3 r e p r e s e n t 
the c o m p o s i t i o n of the l iquid in e q u i l i b r i u m with a sol id that con ta ins u r a 
n ium for the 800°C i s o t h e r m in the C u - M g - U s y s t e m . The c o m p o s i t i o n of 
the so l id in e q u i l i b r i u m with the l iquid was not d e t e r m i n e d . The m i s s i n g 
p o r t i o n s of the c u r v e s in F i g s . 2 and 3 [below 15.8 a t . % (6.5 wt %) m a g 
n e s i u m and f rom 30.1 a t . % Mg (14 wt % Mg) to 38.2 a t . % Mg (19 wt % Mg)] 
c o r r e s p o n d to c o m p o s i t i o n r a n g e s wi th in which l iqu ids do not e x i s t in t he 
C u - M g - U s y s t e m at 800°C. 

* Detailed data upon vvlucli this and other subsequent figures are based are given in the Appendix. 
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The d i s t r i b u t i o n coef f ic ien t and 
so lub i l i ty of u r a n i u m a r e m o s t f a v o r 
ab le for u r a n i u m t r a n s p o r t a t low 
m a g n e s i u m c o n c e n t r a t i o n s . Al though 
the d i s t r i b u t i o n coeff ic ient b e c o m e s 
suff ic ient ly l a r g e aga in a t high m a g 
n e s i u m c o n c e n t r a t i o n s , the so lub i l i ty 
of u r a n i u m is too low at t h e s e c o n c e n 
t r a t i o n s for a p r a c t i c a l p r o c e s s . 

F i g u r e 4 shows the effects of 
t e m p e r a t u r e and of u r a n i u m content 
of a c o p p e r - r i c h C u - M g - U a l loy on 
the d i s t r i b u t i o n coeff ic ient of u r a n i u m 
for a MgCla s a l t p h a s e and the a l loy . 
The d i s t r i b u t i o n coef f ic ien t s at 750, 
800, and 850°C a r e p lo t ted a s a func
t ion of the u r a n i u m con ten t of the l iquid 
m e t a l p h a s e . The c u r v e A 'A is be l i eved 
to r e p r e s e n t the u r a n i u m con ten t of 
l iqu ids that c o r r e s p o n d to a e u t e c t i c 
va l ley in the C u - M g - U s y s t e m . The 
following o b s e r v a t i o n s m a y be m a d e 
f rom t h e s e da ta : ( l ) the d i s t r i b u t i o n 
coeff icient of u r a n i u m is e s s e n t i a l l y 
independen t of the u r a n i u m con ten t of 
the al loy; (2) the d i s t r i b u t i o n coeff i 

cient i n c r e a s e s about twofold as the t e m p e r a t u r e is i n c r e a s e d f rom 750 to 
850°C; (3) the u r a n i u m content of the s a t u r a t e d al loy i n c r e a s e s f rom about 
0.5 at . % (2.1 wt %) at 750°C to about 2 at . % (7.6 wt %) a t 850°C. H i g h e r 
t e m p e r a t u r e s have a d e s i r a b l e effect on both the so lub i l i ty and the d i s t r i 
bution coefficient of u r a n i u m in a Cu-Mg donor a l loy . H o w e v e r , it a p p e a r s 
that o ther c o n s i d e r a t i o n s such as the vo la t i l i ty of m a g n e s i u m and the a v a i l 
abi l i ty of su i tab le con ta inment m a t e r i a l s wi l l l imi t the m a x i m u m p r a c t i c a l 
opera t ing t e m p e r a t u r e for a Cu-Mg donor al loy to about 900°C. 

Fig. 

MAGNESIUM CONTENT OF ALLOY, ol '/. 

3. SolubiUty of Uranium in 
Cu-Mg Alloy at 800°C 

S If 
§ 1 

"-URANIUM CONTENT OF 
THE EUTECTIC VALLEY 

URANIUM CONJENT OF ALLOY, ot It 

Fig. 4. Distribution of Uranium between MgCl2 Salt and 
Cu-Mg Alloys at 750, SOU, and 850^0 
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It was indicated 
ear l ie r that a Cu-Mg donor 
alloy for a uranium salt 
t ransport process must 
have a low magnesium con
tent. The operation of the 
Cu-Mg-U system as a u ra 
nium donor alloy is best 
i l lustrated by referring to 
the copper-r ich region of 
the Cu-Mg-U system as 
shown in Fig. 5. This rep
resentation of the copper-
rich region of the ternary 
system must be regarded 
as tentative because it was 
constructed with limited 
data from the Cu-Mg-U 
ternary and the Cu-U and 
Cu-Mg binary sys tems. 
The system is described 
below. Point M is an eu
tectic in the Cu-U binary 
alloy. Point G is an eu
tectic in the Cu-Mg binary 
alloy. Point N is estimated 
to be the ternary Cu-Mg-U 
eutectic. Hence, the curve 
MCN describes an eutectic 
valley. Point D is the com
position of the liquidus of 

the Cu-Mg binary at 800°C. Point C is the 800°C liquidus on the eutectic 
valley, and CD is the 800°C liquidus isotherm between the eutectic valley 
and the Cu-Mg binary. Line AB is an operating line that is the path that 
the bulk composition of the donor alloy will follow as the transport of ura
nium takes place. The line represents the change in bulk connposition that 
results from depletion of the uranium by MgClj oxidation and the resultant 
buildup of magnesium in the donor alloy. These composition changes a re 
related by the equation 

,MgCuj) 

15 BD 20 ** 

MAGNESIUM, al % 

Fig. 5. Tentative Diagram of the Copper-rich 
Region of the Cu-Mg-U System 

U + 3 /2 MgClj - UCI3 + 3 /2 Mg, (18) 

which i n d i c a t e s tha t 1.5 m o l e s of m a g n e s i u m a r e i n t r o d u c e d into the d o n o r 
a l loy for each m o l e of u r a n i u m r e m o v e d . Any point , such a s E, ly ing on 
the o p e r a t i n g l ine r e p r e s e n t s an in i t i a l bulk c o m p o s i t i o n of the d o n o r a l loy . 
P o i n t B is the bulk c o m p o s i t i o n of t he donor a l loy upon c o m p l e t i o n of u r a 
n i u m t r a n s p o r t . At point E the e q u i l i b r i u m p h a s e s p r e s e n t a r e ( l ) a so l id 
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phase conta ining u r a n i u m , which is be l i eved to be the i n t e r m e t a l l i c c o m 
pound UCuj, (2) a C u - M g sol id so lu t ion , and (3) a l iquid p h a s e of c o m p o s i 
t ion C. 

As u r a n i u m t r a n s p o r t p r o c e e d s , the bulk a l loy c o m p o s i t i o n m o v e s 
along the ope ra t ing l ine AB f rom point E t o w a r d point C T h e c o m p o u n d 
UCuj d i s s o l v e s , r e p l a c i n g the u r a n i u m e x t r a c t e d f rom the l iquid d o n o r a l loy 
by the t r a n s p o r t sa l t ; 

UCu5(solid) - U(Cu-Mg l iquid) + 5Cu(Cu-Mg l iqu id) . (19) 

The copper r e l e a s e d by d i s s o l u t i o n of UCu^ and C u - M g so l id s o l u 
t ion combines with the m a g n e s i u m tha t is i n t r o d u c e d by u r a n i u m r e d u c t i o n 
of MgClj to p roduce addi t iona l l iquid of the eu t ec t i c c o m p o s i t i o n (point C) 
at the ope ra t ing t e m p e r a t u r e : 

Cu(sol id solut ion) + Mg(Cu-Mg l iquid) ^ C u - M g ( C u - M g e u t ) . (20) 

Thus , the compos i t ion of the l iquid p h a s e r e m a i n s c o n s t a n t a s the r a t i o of 
l iquid to so l ids i n c r e a s e s . 

When point C is r e a c h e d , a l l of the s o l i d s a r e c o n s u m e d . As the 
t r a n s p o r t of u r a n i u m con t inues , the bulk c o m p o s i t i o n fol lows the o p e r a t i n g 
l ine f rom point C to point B, and Cu-Mg sol id so lu t ion i s f o r m e d . T h e 
compos i t ion of the l iquid p h a s e in e q u i l i b r i u m with the C u - M g sol id s o l u 
t ion is r e p r e s e n t e d by the 800°C l iqu idus i s o t h e r m , CD. Dur ing th i s l a s t 
phase of u r a n i u m t r a n s p o r t , a l l of the u r a n i u m in the donor a l loy is in 
solut ion. 

To con t ro l the m a g n e s i u m bui ldup in the donor a l loy d u r i n g u r a 
nium t r a n s p o r t , the ope ra t i ng l ine should p a s s t h rough the l iqu idus on the 
eu tec t i c val ley at the ope ra t ing t e m p e r a t u r e . T h i s l iqu idus c o m p o s i t i o n on 
the eutec t ic val ley is the c o m p o s i t i o n the l iquid p h a s e wil l have a s UCU5 
and Mg-Cu solid so lu t ion d i s s o l v e . 

The l imi t of u r a n i u m t r a n s p o r t i s d e t e r m i n e d by the final e q u i l i b 
r i u m between the t r a n s p o r t sa l t and the a c c e p t o r a l loy . U r a n i u m t r a n s p o r t 
s tops when the equ i l i b r i um u r a n i u m conten t of the t r a n s p o r t sa l t i s the s a m e 
above the donor and a c c e p t o r a l l o y s . 

Under the above condi t ions the s y s t e m p r o v i d e s ( l ) c o n t r o l of m a g 
n e s i u m buildup in the donor and (2) o p e r a t i o n at o p t i m u m donor c o m p o s i 
t ions . The op t imum donor c o m p o s i t i o n s p rov ide m a x i m u m u r a n i u m 
solubil i ty and the h ighes t u r a n i u m d i s t r i b u t i o n coeff ic ient at the spec i f i ed 
opera t ing t e m p e r a t u r e dur ing u r a n i u m sa l t t r a n s p o r t . 
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The optimum initial bulk alloy composition is a function of the fol
lowing: (l) desired uranium recovery, (2) ratio of liquid to solids in the 
donor, (3) operating tempera ture , (4) composition of the t ransport salt, 
(5) composition of the acceptor alloy, and (6) sa l t - to-metal ratio for bulk 
donor and acceptor alloys. For example, the initial bulk donor alloy com
position [Cu-9.8 at. % Mg-5.3 at. % U (Cu-18.2 wt % U-3.5 wt % Mg)], point 
E on the ternary diagram (Fig. 5). is based on the following: (l) a uranium 
recovery of 99%, (2) an initial loading specified by a ratio of uranium in 
the eutectic to the total uranium of 0.20, (3) a temperature of 800°C, 
(4) MgClj as the t ransport salt, (5) an acceptor alloy of the composition 
Zn-26.8 at. % Mg (Zn- 1 2 wt % Mg), in which D = 8.0 x 10 ' ' for the uranium 
and all of it is in solution, and (6) a sa l t - to-metal weight ratio of 2 for 
both donor and acceptor alloys. 

Temperature differences between the donor and acceptor alloys may 
be used to decrease the uranium content of the recycled transport salt. Ad
ditions of reagents such as copper or CuCl^ may also be made to adjust 
the alloy composition. 

B. Copper-Cadmium-Magnesium 

The Cu-Cd-Mg ternary system was investigated as a potential 
donor alloy for a uranium sal t - t ransport process . The objective of this 

investigation was to determine 
whether it is possible to add 
cadmium to a Cu-Mg alloy 
to decrease the melting point 
and permit lower- temperature 
operation while at the same 
time retaining the favorable 
uranium donor propert ies of 
the Cu-Mg system. 

The results of thermal-
analysis measurements to
gether with existing data for 
the Cu-Cd and Cu-Mg binary 
systems were used to construct 
the tentative diagram in Fig. 6. 
which shows the liquidus iso
therms at 600, 650, 700, and 
750°C for the copper-r ich 
region of the Cu-Cd-Mg sys 
tem. Because of the location 

of the isotherms and the relatively low boiling point of cadmium (767°C). 
the practical operating temperature is limited to a range between about 
650 and 700°C. 

CADMUM, 01 % -

Fig. 6. Tentative Diagram of the Copper-rich 
Region of the Cu-Cd-Mg System 
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F i g u r e 7 shows the effect of 

adding m a g n e s i u m to a C u - 3 8 . 5 at . % 

Cd (Cu-52 .5 wt % Cd) a l loy on the s o l 

ubi l i ty of u r a n i u m in the a l loy a t 600 

and 700°C. At m a g n e s i u m con t en t s up 

to about 27 at . % (10 wt %), the u r a 

n ium so lubi l i ty at 700°C is in the gen 

e r a l ne ighborhood of 0.28 at . % (l wt %). 

T h i s va lue is a d e q u a t e , but not p a r t i c 

u l a r l y f a v o r a b l e for a s a l t - t r a n s p o r t 

p r o c e s s . 

MAGNESIUM CONTENT OF ALLOY, ot '. 

Fig. 1. Solubility of Uranium in Cu-40 at. 
X at. <?o Mg Alloy at 600 and 700°C 

T h e u r a n i u n n d i s t r i b u t i o n c o e f 

f i c i e n t b e t w e e n t h e s a m e q u a s i - b i n a r y 

[ C u - 3 8 . 5 a t . % C d - M g ( C u - 5 2 . 5 w t % 

C d - M g ) ] a l l o y s y s t e m a n d a M g C l 2 -

30 m o l % N a C l - 2 0 m o l % K C l ( M g C l 2 - 2 1 . 9 w t % N a C l - 1 8 . 6 w t % K C l ) s a l t 

p h a s e a t 700°C i s s h o w n a s a f u n c t i o n of m a g n e s i u m c o n t e n t i n t h e a l l o y i n 

F i g . 8. In t h i s c a s e , t h e M g C l z , w h i c h h a s a m e l t i n g p o i n t of 7 1 4 ° C , w a s 

d i l u t e d w i t h N a C l a n d K C l t o f o r m 

a l o w e r - m e l t i n g s a l t p h a s e ( m . p . ~ 

3 9 6 ° C ) . W i t h i n c r e a s i n g n n a g n e s i u m 

c o n t e n t , t h e d i s t r i b u t i o n c o e f f i c i e n t 

of u r a n i u m d e c r e a s e s s h a r p l y , a n d 

i t a l s o a p p e a r s t o b e e s s e n t i a l l y 

i n d e p e n d e n t of t e m p e r a t u r e i n t h i s 

p a r t i c u l a r s y s t e m . It i s c l e a r f r o m 

t h e d a t a i n F i g . 8 t h a t t h e m a g n e 

s i u m c o n t e n t of t h e a l l o y m u s t b e 

k e p t r a t h e r l o w i n o r d e r t o m a i n t a i n 

a h i g h e n o u g h u r a n i u m d i s t r i b u t i o n 

c o e f f i c i e n t f o r a p r a c t i c a l p r o c e s s . 

T h e o p e r a t i o n of t h e C u - C d -
M g s y s t e m a s a u r a n i u m d o n o r a l l o y 
a t 700°C i s i l l u s t r a t e d in F i g . 6. 
L i n e A E C l i e s on t h e t i e l i n e c o n 
n e c t i n g t h e C u - 1 6 . 2 a t . % Cd ( C u -
2 5 . 5 w t % C d ) p o i n t w i t h t h e m a g n e -
s i u m c o r n e r of t h e t e r n a r y d i a g r a m . 
T h i s s e g m e n t of t h e t i e l i n e r e p r e 
s e n t s t h e p a t h t h a t t h e b u l k c o m p o 
s i t i o n of t h e a l l o y (on a u r a n i u m -
f r e e b a s i s ) w i l l f o l l o w a s u r a n i u m 
i s t r a n s p o r t e d ou t of t h e a l l o y a n d 
m a g n e s i u m i s a d d e d to t h e a l l o y 
t h r o u g h t h e r e d u c t i o n of M g C l j by 

10 20 30 

MAGNESIUM CONTENT OF ALLOY, ot % 

Fig. 8. Distribution of Uranium between MgClo-
30 mol % NaCl-20 mol % KCl Salt and 
Cu-40 at. 7oCd-X at. % Mg Alloy 
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the uranium. Point A represents the initial bulk composition. One of the 
equilibrium solid phases at point A is Cu-Cd-Mg solid solution and the 
other is probably UCU5. The liquid phase that is present with the bulk 
composition at point A is of the composition represented by point B, which 
lies on the 700°C isotherm. As the magnesium content increases , the bulk 
composition of the alloy moves along line AE toward E and the Cu-Cd-
Mg solid solution is dissolved. At the same time, the composition of the 
corresponding equilibrium liquid phase moves along the liquidus isotherm 
BE toward E. When the bulk composition reaches point E, all of the Cu-
Cd-Mg solid solution is dissolved. As more magnesium is added, the com
pound MgCu^ begins to form, and the composition of the liquid phase follows 
the liquidus isotherm on line ED toward point D. Under the conditions il
lustrated by this example, the bulk magnesium content can be increased 
from about 3.5 at. % (1.2 wt %) to 26.7 at. % (11 wt %) while the magnesium 
content of the liquid phase reaches a maximum value of only 17.4 at. % 
(6.0 wt %). With this system, 72 kg of uranium can be accommodated by 
100 kg of initial donor alloy. 

The Cu-Cd-Mg system has the following desirable features as a 
uranium donor alloy: (l) it provides a greater "buffering" action for con
trol of magnesium than does the Cu-Mg system, with the result that a 
larger quantity of uranium can be accommodated by the same amount of 
donor alloy, and (2) the sa l t - t ranspor t operation can be carr ied out at 650-
VOCC. The disadvantages are (1) the volatility of cadmium, and (2) the 
lower distribution coefficient and solubility of uranium, which result in a 
lower uranium content in the salt phase than that obtained with the Cu-Mg 
system. This lower uraniunn content makes is necessary either to increase 
the number of t ranspor t salt cycles between the donor and acceptor alloys 
or to increase the ratio of t ransport salt to tlonor alloy. However, higher 
uranium contents in the t ransport salt can be obtained by changing the com
position of the t ransport salt, as indicated in Sect. V. Another disadvantage 
of the Cu-Cd-Mg systenn when used in certain fuel reprocessing applica
tions is that it resul ts in a lower separation factor between plutonium and 
r a r e - e a r t h fission products than can be obtained with the Cu-Mg system. 

C. Cadmium-Magnesium 

Consideration was given to the possibility of using a Cd-Mg alloy 
of low magnesium content as a uranium donor in a sa l t - t ranspor t p rocess . 
Figure 9, which was based on data obtained by Mar t in , " shows the effects 
of t empera ture and magnesium content on the solubility of uranium in Cd-
Mg alloys. At low magnesium contents, the uranium solubility exhibits 
slightly re t rograde behavior at tempera tures above about 400-450°C. Since 
the uranium solubility decreases markedly with increasing magnesium con
tent, the magnesium content of a Cd-Mg donor alloy must be kept low. 
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The d i s t r i b u t i o n coef f ic ien t of 
u r a n i u m be tween l iquid C d - M g a l l o y s 
and a MgClj-SO m o l % N a C l - 2 0 m o l % 
KCl (MgCl2-21.9 wt % N a C l - 1 8 . 6 wt % 
KCl) sa l t p h a s e at 600°C is shown as 
a function of m a g n e s i u m con ten t of the 
al loy in F i g . 10. The u r a n i u m d i s t r i 
but ion coeff ic ient i s not high enough 
in the Cd-Mg s y s t e m for it to funct ion 
a s a s a t i s f a c t o r y u r a n i u m donor a l loy 
excep t a t v e r y low m a g n e s i u m c o n c e n 
t r a t i o n s . The m a g n e s i u m con ten t of 
the donor al loy m u s t be c lo se ly con 
t r o l l e d b e c a u s e of the s e n s i t i v i t y of 
the d i s t r i b u t i o n coeff ic ient to s m a l l 
changes in m a g n e s i u m con ten t . 

Unlike the C u - M g and C u - C d -
Mg a l l o y s , the C d - M g s y s t e m does 
not p r o v i d e the buffer ing effect tha t 
p e r m i t s the m a g n e s i u m con ten t of the 
l iquid al loy to be c o n t r o l l e d by p r e 
c ip i t a t ing o r d i s s o l v i n g sol id i n t e r 
m e t a l l i c p h a s e s . T h e r e f o r e , s o m e 
e x t e r n a l me thod is r e q u i r e d to m a i n 
ta in the m a g n e s i u m con ten t in the Cd-

Mg donor al loy at a low, cons t an t va lue . To keep the m a g n e s i u m con ten t 
at a cons tan t va lue , 0.153 kg of m a g n e s i u m m u s t be r e m o v e d f rom the donor 

MAGNESIUM CONTENT OF ALLOY, ol % 

Fig. 9. Estimated Uranium Solubility in Cd-Mg 
Alloy (based on the data of Martin^") 

Fig. 10 

Distribution of Uranium between MgCl2-30 mol % 
NaCl-20 mol '5oKCl Salt and Cd-Mg Alloy at 600°C 

MAGNESIIA* CONTENT OF ALLOY, ol. % 
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Magnesium removal by 
chemical oxidation, 

tM„ 1 ivig 

DONOR 
AU.OY 

TRANSPORT 
SALT 

DONOR 
AtLOY 

TRANSPORT 
SALT 

ACCEPTOR 
AaOY 

Fig. 11. Schematic Illustration of a Salt-aansport 
Process with External Magnesium Contxol 

a l loy for e v e r y k i l o g r a m of u r a n i u m 
t r a n s p o r t e d . F i g u r e 11 i l l u s t r a t e s 
s c h e m a t i c a l l y a s a l t - t r a n s p o r t p r o 
c e s s in wh ich e x t e r n a l c o n t r o l of 
the m a g n e s i u m c o n c e n t r a t i o n is a c 
c o m p l i s h e d by con t inuous r e m o v a l 
of m a g n e s i u m f r o m a s m a l l s ide 
s t r e a m of the donor a l loy . P o s s i b l e 
t e c h n i q u e s for m a g n e s i u m r e m o v a l 

inc lude c h e m i c a l ox ida t ion , e l e c t r o l y s i s , and d i s t i l l a t i o n . In the c a s e of a 
donor a l loy s u c h a s C d - M g , d i s t i l l a t i o n is u n d e s i r a b l e b e c a u s e the m a j o r 
c o n s t i t u e n t , c a d m i u m , is m o r e vo l a t i l e than the m a g n e s i u m . 

As a donor a l loy , the C d - M g s y s t e m is d e s i r a b l e b e c a u s e it can be 
u s e d a t a low t e m p e r a t u r e (down to about 500°C), and it can be con t a ined in 
400 s e r i e s s t a i n l e s s s t e e l e q u i p m e n t . H o w e v e r , the m a g n e s i u m c o n c e n t r a 
t ion m u s t be c o n t r o l l e d a c c u r a t e l y by an e x t e r n a l me thod , and the so lub i l i ty 
of u r a n i u m is r a t h e r low. 

D. C a d m i u m - Z i n c - M a g n e s i u m 

T h e C d - Z n - M g s y s t e m is of i n t e r e s t a s a u r a n i u m donor al loy b e 
c a u s e the u r a n i u m so lub i l i ty and d i s t r i b u t i o n coeff ic ient a r e both l a r g e in 
c e r t a i n c o m p o s i t i o n r e g i o n s . At 600°C a l a r g e p e a k in the so lubi l i ty of 
u r a n i u m o c c u r s a t a c a d m i u m - t o - z i n c weight r a t i o of about 9 to 1. F i g 
u r e 12 shows e s t i m a t e d va lue s of the u r a n i u m so lubi l i ty a s m a g n e s i u m i s 
added to an a l loy of the in i t i a l c o m p o s i t i o n Cd- 1 5.2 at . % Zn (Cd-9 .5 wt % Zn) 
at 600°C. The c o r r e s p o n d i n g d i s t r i b u 
t ion coef f ic ien t of u r a n i u m be tween a 
C d - 1 5 . 2 a t . % Z n ( C d - 9 . 5 w t % Zn) a l loy 
of v a r y i n g m a g n e s i u m conten t and a 
MgCl2-30 m o l % N a C l - 2 0 m o l % KCl 
(MgCl2-21.9 w t % N a C l - 1 8 . 6 wt % KCl) 
sa l t p h a s e a t 600°C is p r e s e n t e d in 
F i g . 13. It i s ev iden t f rom F i g s . 12 
and 13 tha t the u r a n i u m s o l u b i l i t i e s and 
d i s t r i b u t i o n coef f i c ien t s a r e both l a r g e 
a t low m a g n e s i u m c o n c e n t r a t i o n s with 
a c a d m i u m - t o - z i n c weight r a t i o of 9 : 1 . 

F i g u r e 14 shows the r e s u l t s of 
u r a n i u m d i s t r i b u t i o n coeff ic ient m e a 
s u r e m e n t s in a s y s t e m c o n s i s t i n g of a 
u r a n i u m - s a t u r a t e d C d - 1 5 . 9 a t . % Zn-
1.3 a t . % M g ( C d - 9 . 9 7 wt % Z n - 0 . 3 wt % 
Mg) l iquid a l loy and a MgCl2-30 m o l % 
N a C l - 2 0 m o l % KCl (MgCl2-21.9 wt % 
N a C l - 1 8 . 6 wt % KCl) m o l t e n sa l t tha t 

MAGNeSlUM COMTENT OF ALLOY, o l % 

Fig. 12 
Estimated Uranium Solubility in Cd-
Zn-Mg Alloy at 6 00°C. (Alloy of 
compositions lying on the tie line 
between the Cd-15 at. *?> Zn point 
and the magnesium comer of the 
Cd-Mg-Zn ternary diagram) 



w a s t h e r m a l l y cyc led be tween 448 and 650°C. The s a l t p h a s e con ta ined 
3 57 mol % UCI3 (9.5 wt % U) at 650<'C and 0.475 m o l % UCI3 (1.39 wt % U) 
at 448°C In th is s y s t e m , the u r a n i u m con ten t of the s a l t at 448°C is s i g 
nificantly g r e a t e r than that obta ined wi th the C u - M g al loy and a MgCl j 
sa l t p h a s e [0.46 mol % UCI3 (1.15 wt % U)] at 800°C. 

MAGNESIUM CONTENT OF ALLOY, 

Fig. 13. Distribution of Uranium between MgCl2-
30 mol % NaCl-20 mol It, KCl Salt and 
Cd-Zn-Mg Alloy at 600°C. (Alloy of 
compositions lying on the tie line be
tween the Cd-15 at. °jo Zn point and the 
magnesium comer of the Cd-Mg-Zn 
ternary diagram.) 

Fig. 14. Distribution of Uranium between MgCl2-
30 mol % NaCl-20 mol <7o KCl Salt and 
Cd-15.85 at. lo Zn-1.28 at. lo Mg Alloy 

The C d - Z n - M g s y s t e m has the s a m e d i s a d v a n t a g e a s the C d - M g 
s y s t e m in that the m a g n e s i u m c o n c e n t r a t i o n of the al loy m u s t be c o n t r o l l e d 
a c c u r a t e l y at a low value by an e x t e r n a l me thod . If a s a t i s f a c t o r y m e t h o d 
of m a g n e s i u m con t ro l w e r e dev ised , it should be p o s s i b l e to t r a n s f e r u r a 
nium at a s a t i s f ac to ry r a t e at t e m p e r a t u r e s a s low a s 450°C. 

The C d - Z n - M g s y s t e m is a p r o m i s i n g u r a n i u m donor al loy for the 
following r e a s o n s ; ( l ) l o w - t e m p e r a t u r e (450-650°C) o p e r a t i o n is p o s s i b l e ; 
(2) it can be contained in s e r i e s 400 s t a i n l e s s s t e e l s ; (3) if any donor a l loy 
r e a c h e s the a c c e p t o r alloy th rough e n t r a i n m e n t , it can be r e m o v e d f rom 
the produc t by r e t o r t i n g . The only i m p o r t a n t d i s a d v a n t a g e is the p r o b l e m 
of m a g n e s i u m c o n t r o l . 
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IV. ACCEPTOR ALLOYS 

The only systems that were investigated as acceptor alloys for a 
uranium sa l t - t ranspor t process were Zn-Mg and Cd-Mg. In order to 
remove the liquid metal solvent from the metallic uranium product by 
retorting (or vacuum distillation), the acceptor alloy must consist of 
relatively volatile meta ls . It is important to know the solubility of uranium 
in the acceptor alloy and the distribution coefficient of uranium between 
the alloy and the t ransport salt . These two factors determine the equilib
rium uranium content in the recycle t ransport salt, which sets the minimum 
uranium loss in the donor alloy and in the t ransport salt. The acceptor 
alloy must be compatible with the donor alloy and the transport salt with 
respect to volatility, melting point, containment, density relationships, etc. 

A. Zinc-Magnesium 

The Zn-Mg system appears to offer the greatest promise as a 
uranium acceptor alloy. The solubility of uranium in the Zn-Mg system 
at temperatures of 600, 700, and 800°C is shown in Fig. 15. At these 
three temperatures maximum uranium solubility occurs at magnesium 
contents of 48.1, 37.4, and 27.4 at. % (24.8, 16.7. and 10.7 wt %), r e spec 
tively. The corresponding solubilities of uranium at these three points 
are 0.89, 2.51. and 4.71 at. % (4.5, 11. and 18 wt %), respectively. Metallic 
uranium is the equilibrium solid phase on the magnesium side of the solu
bility peaks, and a ser ies of U-Zn intermetallic compounds constitute the 
equilibrium solid phases on the zinc side. 

HA6ICSIUH CONTENT OF ALLOY, al. % 

Fig. 15. Solubility of Uranium in Zn-Mg Alloy 
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B e c a u s e MgClz would m o s t l ikely be u s e d as a u r a n i u m t r a n s p o r t 
s a l t with a Cu-Mg donor al loy, the d i s t r i b u t i o n b e h a v i o r of u r a n i u m b e t w e e n 

a Zn-Mg a c c e p t o r a l loy of v a r y i n g 
m a g n e s i u m con ten t and MgCl2 at 
800°C was d e t e r m i n e d . The r e s u l t s 
a p p e a r in F i g . 16. A p r o n o u n c e d 
m i n i m u m in the d i s t r i b u t i o n coef
f ic ient c u r v e o c c u r s a t about 23 a t . % 
(10 wt %) m a g n e s i u m . H o w e v e r , 
b e c a u s e of the c o m b i n e d effects of 
u r a n i u m so lubi l i ty , d i s t r i b u t i o n , and 
the e q u i l i b r i u m sol id p h a s e involved , 
it i s d e s i r a b l e to u s e an a c c e p t o r 
al loy of h ighe r m a g n e s i u m con ten t 
[73 at . % (-50 wt %)]. T h e s e ef fec ts 
will be d i s c u s s e d l a t e r . 

The effect of u r a n i u m c o n 
c e n t r a t i o n on u r a n i u m d i s t r i b u t i o n 
be tween a Z n - 2 3 a t . % Mg ( Z n -
10 wt % Mg) al loy and MgCl j p r o v e d 
to be s m a l l as shown by the da ta in 
F i g . 17. The c o n c e n t r a t i o n of u r a 
nium in l iquid m e t a l a l loys h a s not 

been found to have an i m p o r t a n t effect on the u r a n i u m d i s t r i b u t i o n coef
f icient in any of the i nves t i ga t ions r e l a t e d to th is w o r k . 

MAGNESIUM CONTENT OF ALLOY, ol 

Fig. 16. Distribution of Uranium between MgCl2 
Salt and Zn-Mg Alloy at SOCC 

URANIUM CONTENT OF ALLOY. 

The m a j o r l imi t a t ion on the 
u s e of MgCl2 as a t r a n s p o r t sa l t 
is i ts r a t h e r high me l t ing point of 
714°C. A MgCl2-30 mol % N a C l -
20 mol % KCl (MgCl2-21.9 wt % 
NaCl -18 .6 wt % KCl) s a l t p h a s e 
with a mel t ing point of ~396°C has 
r e c e i v e d c o n s i d e r a t i o n for donor 
a l loys ope ra t ing at lower t e m p e r a 
t u r e s . The d i s t r i bu t i on of u r a n i u m 
at 600''C be tween th is sa l t and Z n -
Mg a l loys of va ry ing m a g n e s i u m 
conten t is shown in F i g . 18. The 
d i s t r i bu t i on coeff ic ient i s 100 t i m e s lower in th is s y s t e m than it i s wi th a 
MgCl2 sa l t phase at 800°C. Mos t of th is d e c r e a s e is a r e s u l t of the l o w e r 
t e m p e r a t u r e . If the MgCl2-30 mol % N a C l - 2 0 m o l % KCl (MgCl2-21.9 wt % 
NaCl -18 .6 wt % KCl) s a l t w e r e subs t i t u t ed at 800°C for MgCl j , the u r a n i u m 
d i s t r i b u t i o n coeff ic ient would be d e c r e a s e d th roughou t the e n t i r e r a n g e of 
m a g n e s i u m c o n c e n t r a t i o n in the Zn-Mg a l loy . 

Fig. n Effect of Uranium Content upon Uranium 
Distribution between MgCl2 Salt and Zn-
Mg Alloy at 800«C 
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MAGNESIUM CONTENT OF ALLOY. 

Fig. 18. Distribution of Uranium between MgCl2-
30 mol lo NaCl-20 mol lo KCl Salt and 
Uranium-saturated Zn-Mg Alloy al 600°C 

When l a r g e a m o u n t s of u r a 
n ium a r e to be a c c o m m o d a t e d by the 
a c c e p t o r a l loy, it should have a suf
f ic ien t ly high m a g n e s i u m con ten t so 
tha t m e t a l l i c u r a n i u m , r a t h e r than 
u r a n i u m - z i n c i n t e r m e t a l l i c c o m p o u n d s , 
i s the e q u i l i b r i u m sol id p h a s e . T h i s 
wil l p r e v e n t z inc f rom being r e m o v e d 
f rom the a c c e p t o r a l loy by p r e c i p i t a 
t ion of the i n t e r m e t a l l i c c o m p o u n d s . 
Since u r a n i u m has a low so lub i l i ty 
in Z n - M g a c c e p t o r a l loys of high 
m a g n e s i u m conten t , i t s so lub i l i ty 
l i m i t i s r e a c h e d e a r l y in the s a l t -
t r a n s p o r t o p e r a t i o n . As add i t iona l 
u r a n i u m is i n t r o d u c e d into the a l loy, 
it p r e c i p i t a t e s as u r a n i u m m e t a l . 
The only s ign i f i can t change in the 
l iquid al loy c o m p o s i t i o n r e s u l t s 
f rom the m a g n e s i u m c o n s u m e d by the 
r e d u c t i o n of UCI3. At high m a g n e 
s ium c o n t e n t s , the so lub i l i ty of 
u r a n i u m and the u r a n i u m d i s t r i b u t i o n 
coeff ic ient a r e not affected s i g n i f i 
can t ly by c h a n g e s in the m a g n e s i u m 
con ten t of the Zn-Mg a c c e p t o r a l loy . 

If the Z n - M g a c c e p t o r a l loy is of a connposi t ion such that U - Z n 
i n t e r m e t a l l i c c o m p o u n d s a r e p r e c i p i t a t e d , the c o m p o s i t i o n of the l iquid 
a c c e p t o r a l loy wi l l be affected by the r e m o v a l of zinc f rom the so lu t ion . 
The a m o u n t of z inc r e m o v e d by th is m e c h a n i s m far ou tweighs the quant i ty 
of m a g n e s i u m c o n s u m e d by the r e d u c t i o n of UCI3. Although a high m a g n e 
s i u m c o n t e n t i s d e s i r a b l e if the a c c e p t o r a l loy is to a c c o m m o d a t e l a r g e 
u r a n i u m l o a d i n g s , a c c e p t o r a l loys with l o w e r m a g n e s i u m con t en t s a r e 
a t t r a c t i v e b e c a u s e the u r a n i u m can be r e m o v e d f rom the a c c e p t o r v e s s e l 
a s a l iquid m e t a l so lu t ion owing to i t s h ighe r so lub i l i ty in z i n c - r i c h a l l o y s . 
It i s p o s s i b l e to conduc t the s a l t - t r a n s p o r t o p e r a t i o n with a high m a g n e s i u m 
c o n c e n t r a t i o n in the Z n - M g a c c e p t o r a l loy and then add zinc to so lub i l i z e 
the p r e c i p i t a t e d u r a n i u m at the end of the o p e r a t i o n . 

The 400 s e r i e s s t a i n l e s s s t e e l s can be u s e d to con ta in Z n - M g 
a l l o y s of h igh m a g n e s i u m con ten t , i . e . . g r e a t e r than about 70 a t . % 
( -50 wt %), bu t c e r a m i c m a t e r i a l s o r m e t a l s such a s t ungs t en or m o l y b d e n u m 
a r e r e q u i r e d for the z i n c - r i c h a l l o y s . 

B . C a d m i u m - M a g n e s i u m 

The C d - l o w Mg s y s t e m w a s m e n t i o n e d in Sec t . I I I -C as a po t en t i a l 
d o n o r a l loy in a u r a n i u m s a l t - t r a n s p o r t p r o c e s s . A C d - M g s y s t e m m a y 



also be used as an acceptor alloy by increasing the magnesium content, 
which decreases the uranium solubility and the uranium distribution coef
ficient. The Cd-Mg system is especially attractive from the containment 
standpoint, since it is not corrosive to either mild steel or 400 se r ies 
stainless steels 

The solubility of uranium in Cd-Mg alloys and its distribution 
behavior between these alloys and salts were discussed in Sect III-C, 
High loadings of precipitated uranium are possible with this system 
because of the retrograde uranium solubility at temperatures above about 
450''C, where metallic uranium is the equilibrium solid phase. However, 
the volatility of cadmium res t r ic t s the maximum operating temperature 
to about 700°C 

C. Other Acceptor Alloys 

Other alloys of magnesium such as Cu-high Mg, Pb-Mg, Al-Mg, and 
Bi-Mg could also be used as acceptor alloys in a uranium sa l t - t ranspor t 
process . The disadvantage of these alloys is that they contain a nonvolatile 
constituent that cannot be removed from the uranium product by retort ing. 
If uranium alloys of copper, lead, aluminum, or bismuth were the desired 
product, these acceptors would be the obvious selection 



29 

V. TRANSPORT SALTS 

The function of the t ranspor t salt is to ca r ry the uranium, as UCI3, 
from the donor alloy to the acceptor alloy. Magnesium chloride in the 
t ranspor t salt oxidizes the uranium in the donor alloy to UCI3, which is 
taken up by the t ransport salt . The MgClj that is consumed at the donor 
alloy is regenerated by magnesium reduction of UCI3 at the acceptor 
alloy. Thus, the amount and composition of the t ransport salt remain 
essentially constant, and, barr ing process losses through vaporization, 
splashing, etc. , the t ranspor t salt can be used indefinitely. 

The MgCl2 concentration in the transport salt has an important 
effect on the distribution coefficient of uranium, which in turn affects the 
amount of uranium transported in each cycle of the transport salt . For the 
case of uranium, Eq. 5 can be expressed as follows: 

^°^ ° " TTRT ' ^ ^°^ ^Mg + l°g ^U + 1 l°g ^MgClj - ' °8 >UCl3- (21) 

If we assume that the composition of the metal phase does not change 
appreciably as the MgClj content of a salt is varied, the first three t e rms 
on the right-hand side of the above expression remain essentially constant. 
If log C is substituted for these three t e rms , and ai* p , is expressed as 
''MgCl ^MeCl ' "^'^ expression becomes 

3/2 
MgClj 

log D = log C + log 
>UC1 

log "MgClz- (22) 

Little information is available on the values of 7v«„(~i a"d \ l C l ^°^ '^^ 
salt sys tems used in these investigations. If the ratio in the brackets does 
not change markedly, the distribution coefficient will be proportional to the 
three-halves power of the atom fraction of MgCl2 in the salt 

Figure 19 shows experimental data on the distribution of uranium 
at 800°C between a Cu-15.8 at. % Mg-1.03 at. % U (Cu-6.4 wt % Mg • 
4.15 wt % U) alloy saturated with uranium and salt consisting of equimolar 
NaCl-CaCl2 with varying amounts of MgCl2. The experimental points can 
be corre la ted reasonably well with the curve, which is represented by the 
expression 

D = 0.385(xj^gci2)'"- (23) 

The observed dependence on the three-halves power of Xj^ QJ may be 
fortuitous, inasmuch as the ratio shown in brackets in Eq. 22 remains 
nearly constant Although Eq. 23 cannot be completely justified on a 
theoret ical basis , it has proved to be a useful empir ical correlat ion. 



MgCl2 CONTENT OF SA LT. mol ' 

Fig. 19. Distribution of Uranium between NaCl-
50 mol 'yoCaCl2-X mol "yo MgCl2 Salt 
and Cu-15.8 at. lo Mg-1.03 at. % U 
Alloy at 800Oc 

The da ta in F i g . 19 show tha t 
the d i s t r i b u t i o n coef f ic ien t of u r a n i u m 
i n c r e a s e s by a f ac to r of 10^ when the 
MgCl2 con ten t of the s a l t i s i n c r e a s e d 
f rom 1 to 100 m o l %. T h u s , for m a x i 
m u m eff ic iency of u r a n i u m t r a n s f e r , 
it is d e s i r a b l e to u s e the h i g h e s t 
MgCl2 c o n c e n t r a t i o n tha t is c o m p a t i b l e 
with the o the r r e q u i r e m e n t s of the 
o p e r a t i o n . 

M o s t of the e x p e r i m e n t a l w o r k 
e m p l o y e d M g C l j - b a s e d s a l t s . At t e m 
p e r a t u r e s above 750°C, u n d i l u t e d M g C l j 
p r o v e d to be a s a t i s f a c t o r y u r a n i u m 
t r a n s p o r t s a l t . Al though MgClz-
30 mol % N a C l - 2 0 mol % KCl (MgCl2-
21.9 wt % N a C l - 1 8 . 6 wt % KCl) w a s 
u s e d i n m o s t of the work a t l o w e r t e m 
p e r a t u r e s (600-700°C), i t i s not n e c e s 
s a r i l y the op t imum c o m p o s i t i o n for 
th is p u r p o s e . Depending on the m e l t i n g 
point r e q u i r e m e n t , o t h e r c o m b i n a t i o n s 
of MgCl2 and a lka l i o r a l k a l i n e e a r t h 
c h l o r i d e s m a y be m o r e f a v o r a b l e . 

Sal ts conta in ing m a g n e s i u m 
h a l i d e s o the r than MgCl2 d e s e r v e 

c o n s i d e r a t i o n for a u r a n i u m s a l t - t r a n s p o r t p r o c e s s . L i t t l e a t t en t ion h a s 
been given to a l l - f l u o r i d e s y s t e m s b e c a u s e of t he i r h i g h e r m e l t i n g po in t s 
and l a r g e r f ree e n e r g i e s of fo rma t ion , but the MgCl2-22 m o l % MgF2 
(MgCl2-15.6 wt % MgF2) eu t ec t i c ( m . p . 626°C) a p p e a r s a t t r a c t i v e . B r o m i d e 
s y s t e m s offer m o r e favorab le u r a n i u m d i s t r i b u t i o n coef f ic ien t s than do the 
c o r r e s p o n d i n g c h l o r i d e s . F o r e x a m p l e , the d i s t r i b u t i o n coef f ic ien t i s 
m o r e than doubled when MgBr2-30 m o l % N a B r - 2 0 m o l % KBr is s u b s t i t u t e d 
for the ana logous c h l o r i d e s y s t e m . Although the p r o c e s s m i g h t be i m p r o v e d 
s ignif icant ly by the u s e of ha l ide s a l t s o the r than the c h l o r i d e s or by 
a p p r o p r i a t e mixed ha l ide s y s t e m s , l i t t le work h a s been done in th is a r e a . 
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The transfer of uranium from the donor to the acceptor alloy will 
continue as long as the uranium concentration of the transport salt in 
contact with the donor alloy is greater than the uranium concentration in 
the t ransport salt in contact with the acceptor alloy. The equilibrium 
uranium concentration in the t ransport salt is equal to the product of the 
distribution coefficient and the uranium content of the liquid alloy. The 

maximum concentrations of uranium 
in molten MgCl2 in equilibrium with 
liquid Cu-Mg and Zn-Mg alloys are 
obtained when the alloys are saturated 
with uranium, as i l lustrated in Fig. 20. 
Under these conditions, the largest 
difference of uranium concentrations 
in the transport salt (optimum con
ditions for salt transport) would 
occur when the transport salt is in 
contact with a Cu-Mg donor alloy 
with the lowest magnesium content 
and a Zn-Mg acceptor alloy with the 
highest magnesium content. Molten 
magnesium might be used as an 
acceptor alloy if the technical p rob
lems associated with the use of a 
metal phase that is less dense than 
the transport salt could be readily 
solved. However. Fig. 20 shows 
that the addition of up to 30 at. % 
(52 wt %) zinc to magnesium to 
increase the density of the alloy 
would increase the maximum uranium 

content of the t ransport salt by less than a factor of two. The optimum 
Cu-Mg donor alloy for uranium transport has a composition that lies on 
the eutectic valley in the Cu-Mg-U system (point C in Fig. 5) at the oper
ating tempera ture . The magnesium content of this donor alloy may be 
maintained at this low value by the buffering action provided by the d i s 
solution and precipitation of solid intermetall ic phases as discussed in 
Sect. III. 

0 10 2 0 9 0 4 0 5 0 6 0 7 0 6 0 9 0 100 

MAGNESIUM CONTENT OF ALLOY, ol % 

Fig. 20. Ur.inium Trichloride Content of MgCl2 
Salt in EquilibriuiTi with Uranium-
saturated Cu-Mg and Zn-Mg Alloys 
at 800°C 

The r a t e of s a l t t r a n s p o r t of u r a n i u m with a Cu-Mg donor a l loy m a y 
be i m p r o v e d if the t e m p e r a t u r e is i n c r e a s e d . An i n c r e a s e in t e m p e r a t u r e 
a l lows a l iquid a l loy wi th a l o w e r m a g n e s i u m con ten t to be used , which, in 
t u r n , l e a d s to a g r e a t e r u r a n i u m so lub i l i ty and a l a r g e r va lue for the d i s 
t r i b u t i o n coef f ic ien t for u r a n i u m . The subs t i t u t i on of b r o m i d e for c h l o r i d e 
in the t r a n s p o r t s a l t would a l s o i n c r e a s e the r a t e of the s a l t t r a n s p o r t of 
u r a n i u m by i n c r e a s i n g the va lue of the d i s t r i b u t i o n coef f ic ien t . 
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The rate of uranium salt transport may be increased if the rate of 
back transfer of uranium from the acceptor to the donor alloy is decreased . 
The back transfer of uranium may be decreased by lowering the uraniunn 
content of the transport salt recycled from the acceptor alloy. The Zn-high 
Mg acceptor alloy becomes saturated with uranium after a small fraction 
of the uranium has been transferred. The uranium content of the recycled 
transport salt is then constant and equal to the product of the distribution 
coefficient and the solubility. Both the distribution coefficient and the 
solubility are lowered if the temperature is decreased. Therefore, the 
salt transport of uranium could be achieved in fewer cycles or by the 
circulation of a smaller amount of transport salt if the temperature of the 
acceptor alloy were decreased. This would require a t ransport salt other 
than pure MgCl2 (m.p. 714°C). A suitable salt might be the MgCl2-22 mol % 
MgF2(MgCl2-T5 6 wt % MgF^) eutectic mixture (m.p 626°C). Although 
lowering the MgCl^ content of the transport salt would decrease the d i s 
tribution coefficient at the acceptor alloy, it would also decrease the d i s 
tribution coefficient by the same factor at the donor alloy This would tend 
to increase the number of cycles or amount of salt that must be circulated 
to achieve the same uranium transfer and, thus, would decrease the possible 
decontamination 

The high magnesium acceptor alloys lead to the most rapid t ransport 
of uranium. However, since uranium has a low solubility in these alloys, 
difficulty may be encountered in removing the uranium from the acceptor 
alloy vessel for further processing. This problem can be avoided if a 
Zn-Mg acceptor alloy containing about 30 mol % (14 wt %) Mg is used, since 
the uranium solubility in this alloy is about 4 at, % (15 wt %) However. 
Fig. 20 shows that the uranium content of the t ransport salt would be about 
six times greater when saturation of the acceptor alloy is achieved If, 
however, the concentration in the acceptor alloy is not permitted to reach 
saturation, comparable uranium transfers may be achieved by the circula
tion of approximately the same amount of t ransport salt 

Several other donor alloys were investigated in an attempt to avoid 
the problems associated with operating at temperatures above 800°C, or 
operating with the donor and acceptor alloys at different t empera tures . The 
uranium content of MgCl2-30 mol % NaCl-20 mol % KCl (MgCl2-21 9 wt % 
NaCl-18.6 wt % KCl) salt in contact with uranium - saturated Cd-Cu-Mg. 
Cd-Mg, Cd-Zn-Mg, and Zn-Mg alloys is shown in Fig 21 It can be seen 
that it is possible to use donor alloys at temperatures lower than 800°C 
provided the problems associated with maintaining the necessary low 
magnesium contents can be solved. The Cu-Cd-Mg alloy system is 
probably the most promising one. 
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n-Mg I600*C) 

Fig. 21 
UCI3 Content of MgCl2-30 mol fo 
NaCl-20 mol % KCl Salt in Equi
librium with Uranium-saturated 
Magnesium Alloys 

10 20 30 4 0 

MAGNESIUM CONTENT Of ALLOY, Ol % 
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VII SUMMARY AND CONCLUSIONS 

1. The factors that are important in choosing the donor and acceptor 
alloys and a transport salt are (a) the distribution coefficient of the metal to 
be transferred in the transport salt-alloy systems and (b) the solubility of 
the metal in the alloys. High values of the distribution coefficients and 
solubilities are desirable for donor alloys, and low values of these quantities 
are desirable for acceptor alloys. 

2. Uranium can be recovered in yields in excess of 99%, and 
separated from the noble and refractory metal fission product elements by 
the salt-transport process using the Mg-MgCl2 couple to control its dis
tribution coefficient. 

3. The degree of uranium purification obtainable in practical 
systems will most likely be limited by the extent to which entrainment of 
the donor alloy in the transport salt can be eliminated. 

4. Copper-low magnesium alloys (at 800-850°C) are the most 
promising donor alloys for the salt transport of uranium because of a 
favorable combination of values for the distribution coefficient and 
solubility of uranium. In addition, these alloys can be used in such a way 
that changes in magnesium content are minimized by the buffering action 
afforded by dissolution and precipitation of solid intermetallic phases. 

5. Zinc-magnesium alloys are the most promising acceptor alloys 
for the salt transport of uranium because of a favorable combination of 
distribution coefficient and solubilities for uranium. Zinc-magnesium 
alloys of high magnesium content, which combine a low uranium solubility 
with moderately high values of the distribution coefficient, are probably 
somewhat better than Zn-low Mg alloys for which the solubility is greater 
but the distribution coefficient is very small. 

6. The Cu-Cd-Mg alloy at 700°C also has promise for use as a 
donor alloy; the magnesium content can be partially controlled by the 
buffering action afforded by the dissolution and precipitation of intermetallic 
phases. 

7. The necessity for external control of the magnesium content at 
low values for Cd-Mg and Cd-Zn-Mg alloys limits the usefulness of these 
systems as donor alloys for uranium. 

t K ^' , .^H'^J"' ^l^-'̂ '̂ ^°'-i^^ transport salt, the highest possible concen- 1 
trations of UgCl, are desirable for rapid uranium transport. \ 

salt, f ^ ' ^ ' ^ " " " ' " " ^ bromide and Mgl2 are potentially useful transport 
salts for uranium. The MgCl2-22 mol % MgF2 (MgCl2-15.6 wt % MgFJ 
eutectric mixture m o 626°ri r- = „ K J r , -> " " i m mgr ^l 

ure ^m.p. bzb C) can be used for i-"'»--t--mr>«jraturp ooeration 
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APPENDIX 

TABLE A-1. Distribution 6( Uranium b«twe»i MgClz Salt ana Uranium-saturat«l Cu-Mg Alloy at aXK 

Mg 

wt % 

6.55c 
892 

121 
19.3 
33.7 
46.7 
585 
68.8 
76.6 

at. % 

15.9 
20.8 
26.8 
38.7 
57.1 
69.6 
78.7 
85.2 
89.5 

Metal 

Cu 

wt % 

893 
87.7 
85.7 
79.8 
66.1 
53.2 
41.5 
31.2 
23.4 

at. « 

83.0 
78.4 
72.7 
61.2 
42.9 
30.4 
213 
14.8 
10.5 

U 

»t »> 

4.17 
3.42 
2.25 
0,91 
0177 
0,0753 
0,0543 
0.0407 
0.0338 

at, «> 

1.04 
0816 
0510 
0186 
O0306 
00115 
0.00746 
000515 
000404 

U. Kt V> 

1.15 
0.93 
0.30 
0.122 
0.039 

0.0169 
0.0143 
0.0U5 

Sail 

UCI3. mol t ' l 

0.466 
0.376 
0.120 
0.0489 
0.0136 

000676 
000572 
0.00540 

IC<i. Hi t / ir i % 

0.28 
027 
aD 
au 
a22 

a29 
a35 
040 

(avg 0.29*1 

0. mol « / l t « 

a4S 
046 
an 
(Lit 
051 

a«i 
Ll 
L} 

bRepresents maximum uranium content in MgCl2 at equilibrium. 
CThls point taken rrom Table A-?. 
dAverage Kd at 80(PC. 

TABLE A-2, Distribution ol Uranium between MgCl2 Salt and Cu-Mg Alloys at 750. SOaand 85(PC 

(°CI 

750 
750 
750 

800 
800 
800 

850 
850 
850 

Mg 

* t * 

8.49 
8.57 
8.48 

7.06 
6.% 
6.55 

636 
610 
4.76 

at. % 

19.6 
19.8 
19.8 

16.6 
16.4 
15.9 

15,1 
14,6 
12,2 

w t » 

91.4 
906 
87.4 

92.8 
92.5 
89.3 

93.6 
93.5 
87.7 

Metal 

Cu 

at. « 

80.4 
80.0 
79.7 

M.4 
83.4 
83.0 

84.9 
85.3 
85.9 

wt t 

a 160 
0.800 
2 .W 

a 117 
1610 
4.17a 

a093 
0.490 
7.55a 

U 

at. % 

a0376 
0189 
a500a 

0.0281 
a 147 
l.D4a 

0,0225 
0120 
1.97a 

U. wt * 

0305 
a 199 
0.417 

0.0337 
0.185 
1.15 

0.040 
0204 
3.05 

Salt 

UCI3. mol % 

0.0140 
a0798 
0168 

0.0135 
0.0742 
0466 

00160 
> aoei8 

1.26 

Distribution 

Kd. wt t/wt % 

022 
025 
a20 

(Average • 0221 
029 
030 
028 

(Average • a29l 
0.43 
0.42 
OM 

(Average • 0,421 

Coeflicient 

D. mol t /a l . % 

037 
042 
034 

(Average • 0311 
048 
051 
045 

(Average - 048) 
071 
069 
064 

(Average • 0681 

^Believed to represent solubility limit. 

TABLE A-3. Distribution of Uranium between 50 mol % MgCI?-30 mol % NaCI-20 mol * KCl Salt and Mg-Cd-Cu Alloy 

No. 

1 
? 
i 
4 
5 
6 
7 
8 
t 

10 
11 
12 

Temp 

l°CI 

600 
600 
600 
600 
650 
700 
700 
7ce 
700 
700 
IW 
700 

Mg 

wl * 

a39 
3.08 

6.13 

17.9 

062 
062 
058 
1.93 

4.39 

636 
9.18 

11.1 

a l . % 

1.34 

ia4 
19.2 

42.4 

2.05 

2.02 

1.95 

6.28 

13.6 

19.0 

25.8 

29.8 

Metal 

Cd 

wt * 

54.8 

61.5 

59.7 

38.2 

50.1 

45.7 

51.7 

50.8 

49.3 

49.7 

47.0 

42.8 

at. * 

40.5 

44.7 

40.5 

19.6 

35.9 

32.3 

37.6 

35.8 

33.1 

32.1 

28.6 

24.9 

Cu 

wt % 

44.5 

34.8 

33.4 

41.2 

48.8 

52.3 

46.7 

46.3 

44.5 

42.5 

41.8 

43.4 

at. % 

58.1 

44.8 

40.0 

37.3 

61.9 

65.3 

60.1 

57.6 

52.8 

48.5 

45.0 

44.6 

wt » 

0.23 

0.067 

0.236 

1.17 

0.310 

1,09 

0,860 

0.670 

0.716 

0.840 

1.18 

1.70 

U 

at » 

0.0802 
a023 
a0756 
a283 
0105 
0.363 
0.295 
0.223 
0.227 
0.256 
0.339 
a466 

U. wt % 

1.93 
0039 
O036 
0.007 
1.19 
2.28 
4.62 
0,680 
a2oo 
0,130 

0.0800 

a0660 

Salt 

UCI3. mol % 

0714 

O0137 

0.0127 

0.00246 

0.433 

0.844 

1.77 

0.242 

a0705 

0,0158 

0,0282 

0,0233 

Distributjor 

K D , wt %/wl » 

8,4 
058 
0.15 

00060 

3.8 
21 
5.4 
1.0 
0.28 

016 
0.068 

0,039 

1 Coeflicient 

D. mol » ; a l . * 

8.9 
a60 
017 
a0087 

4.1 
2,3 
60 
1.1 
a3 i 
0.18 

0083 

0050 



TABLE A-4. Distribution o( Uranium between 50 mol % MgCl2-30 mol % NaCI-20 mol % KCl Sail and Mg-Cd Alloy al 600°C 

Mg Salt 

wt % 

0.03 
080 
3.60 
7.14 

11.4 
17.1 
23,8 

at. % 

0.13 
3.60 

14.8 
26.3 
37.4 
488 
591 

wt % 

100 
98.4 
95.4 
92.3 
88.2 
82.7 
761 

at, % 

99,9 
96,0 
84,8 
73,5 
62.5 
51.1 
40,9 

wt % 

000110 
0,820 
0.940 
0,460 
0,196 
0.0850 
0,0336 

al, % 

0000519 
0378 
0,394 
0,173 
00655 
O0248 
000852 

U, wt % 

O0190 
O440 
0,0170 
000200 
000350 
0.00250 
0.000940 

UCI3, mol 

000643 

0,000674 

0000843 
0000317 

Dislributlon CoellicienI 

KJ, wt %/wt % D, mol %/at. % 

0.17 
0.54 
0.018 
00044 
O018 
0.029 
0028 

012 
O40 
O015 
0,0039 
0018 
0.034 
O037 

TABLE A-5, Distribution of Uranium between 50 mol % MgCl2-30 mol % NaCI-20 mol 1. KCl Sail and Mg-Cd Alloy 

Temp 
(°CI 

425 
425 
425 
425 

500 
500 
500 
500 
500 

600 
600 
600 
600 
600 

Mg 

wt » 

1.43 
4.11 

102 
18.1 

L29 
3.97 
9.65 

18.3 
25.4 

1.50 
3.92 
9.67 

18.2 
261 

at. % 

6.33 
16.7 
34.6 
iO.l 

5.76 
16.2 
33.2 
51.0 
61.3 

664 
160 
33.2 
50.8 
621 

wt * 

97,3 
94.5 
88.8 
81.1 

965 
94.5 
89.4 
80.9 
74.0 

967 
94.6 
89.3 
8L0 
73.2 

Metal 

Cd 

al. * 

93.1 
828 
65,1 
49,1 

93,2 
83,2 
665 
488 
38,6 

92.6 
83,4 
66,4 
48,9 
37,7 

wt % 

0738 
0,828 
0149 
O0288 

1,45 
0742 
O150 
0.0330 
0.0178 

0,977 
0.695 
0231 
0,0597 
00288 

U 

al, % 

0333 
0,343 
0,0516 
000823 

0,662 
O309 
00534 
000939 
000439 

0442 
0289 
00811 
00170 
000700 

U. wt * 

O0157 
0.0282 
0.00806 
0.0133 

0.0889 
0.0169 
O0261 
0,00787 
0,0120 

0376 
aOM2 
000249 
000347 
a00164 

Salt 

UCI3. mol % 

000528 
000949 
000271 
000447 

O030O 
000569 
000879 
000265 
000404 

0127 
00216 
0000838 
000117 
0000552 

Distribution 

K|j. wt * W » 

a021 
0034 
0054 
046 

0.061 
O023 
017 
024 
067 

039 
O092 
OOll 
O058 
O057 

CoellicienI 

0. mol %/at. % 

0016 

0.028 
0.053 

0,045 

0,018 
0,17 
0,28 
a92 

a29 
a075 
0010 
0.069 
0,079 

TABLE A-6, Distribution of Uranium between 50 mol % MgCl2-30 mol % NaCI-20 mol % KCl Sail and Mg-Zn-Cd Ailoya at 600°C 

No, wl % 

1 074 
2 079 
3 1.08 
4 1.68 
5 282 
6 4.65 
7 6.70 

Mg 

al. % 

3.38 
3.62 
4.67 
7.12 

11.5 
17.9 
24.2 

wt % 

000 
0.00 
9.33 
9.14 
9,08 
8.90 
8.76 

Metal 

Zn 

at, % 

00 

ao 
15,0 
14,4 
13,8 
127 
11,8 

wt % 

963 
95,4 
82,6 
82,4 
81,5 
807 
79.1 

Cd 

at, % 

95,2 
94,6 
77,2 
75,5 
71.9 
67.1 
61.9 

wt * 

0930 
1.01 
3.97 
3.13 
2.57 
1.72 
O910 

U 

at. % 

0.434 
0.473 
1.75 
1.35 
1,07 
0.676 
0336 

U. wl * 

0.424 
0,380 
0.620 
0364 
0.116 
0,0240 
0.00600 

Salt 

UCI3, mol % 

0.148 
0132 
0214 
0125 
00395 
000813 
0,00203 

Kd 

Distribution 

wt li/wt » 

a46 
a38 
a 16 
a 12 
a045 
0014 
00066 

Coeflicient 

D. Mol It/al, * 

034 
028 
012 
a092 
a037 
0012 
0.0060 

aAiloy composition lies on Ihe line between the Cd-15 al. % Zn binary and the magnesium corner ol Ihe Mg-Zn-Cd ternary alloy. 

TABLE A-7, Dislributlon ol Uranium between 50 mol % MgCl2-30 mol * NaCI-20 mol * KCl Salt and 
Cd-95 al. % Zn-0.25 al. » Mg Alloy 

Temp 
l-CI 

448 
500 
530 
598 
600 
650 

wt % 

0.16 
0.23 
025 
023 
028 
036 

Mg 

al. % 

069 
1.01 
1.10 
LOO 
1.21 
1.59 

Z 

wt % 

9.81 
9.57 
9.51 
9.70 
9.71 
9.37 

Metal 

n 

at. % 

15.8 
15,6 
15.5 
15.7 
15.7 
15.4 

Cd 

wt » 

88.3 
86.2 
85.6 
87.3 
87.4 
84.4 

at. I, 

827 
81.6 
81.3 
82,1 
82.0 
80.4 

wt » 

1.76 
4.03 
4.61 
2.80 
264 
5.91 

U 

at. % 

a 779 
1.89 
2.07 
1.24 
1.17 
266 

U. wt * 

1.39 
5.10 
5.40 
4.72 
3.41 
9.50 

Salt 

UCi3. mol * 

0.475 
1.82 
1.93 
1.68 
1.19 
3.57 

Distributior 

K|i. wt %/wt * 

a 79 
1.3 
1.2 
1.7 
L3 
1.6 

Coefficient 

0. mol »/al. » 

061 
10 
093 
1.4 
1.0 
1.3 
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TABL£ A-8. Solubility ot Uranium in Zn-Mg Alloy at 700 and StWC 

Mg 

w t l 

ao3 
a65 
LOO 
3,40 

102 
11.5 
14,5 
161 
161 
165 
17.7 
17,3 
17,8 
21,4 
24,8 
27 1 
38.7 
50.7 
59.9 
72,8 
77,6 

at, % 

DOS 
1,74 
267 
8,72 

23,6 
26,2 
31,9 
35,0 
35,3 
36,0 
37.3 
37.8 
38,8 
43.9 
48,0 
50,8 
63,1 
73,5 
80,1 
87,8 
90,3 

wt « 

98,5 
97,9 
97,7 
95,3 
88,2 
86.7 
82.5 
79,2 
78,2 
77,2 
72.6 
73,9 
72,7 
71,7 
70,9 
69.8 
60,6 
49,1 

4ao 
27.1 
22.4 

700°C 

Zn 

aL % 

99.5 
97.9 
97.0 
90.9 
76.0 
734 
67.5 
64,0 
63,5 
626 
60.3 
60,2 
59,1 
54,6 
51.1 
487 
37,8 
26,5 
19,9 
12,2 
9,70 

1 

wt % 

1,43 
1,41 
1,33 
LM 
1,60 
1,73 
3,00 
4,70 
5,66 
6,30 

ia7 
8,80 
9,60 
6,92 
4,39 
3,11 
a69 
0190 
0091 
004 
ao3i 

J 

aL % 

0397 
0387 
0,363 
0341 
0.379 
0402 
a674 
L04 
1.26 
L40 
2.44 
L97 
214 
1.45 
0,870 
0.595 
0115 
a028 
0012 
0.0049 
aM37 

wt % 

O i l 
060 
1.53 
264 
822 
7.99 
944 
968 

107 
108 
12 3 
15 3 
17.8 
20 6 
171 
39 5 
5L2 
60,8 
72.9 
781 

Mg 

aL % 

a31 
1.66 
4 16 
708 

20.5 
20,0 
23,5 
24,7 
27,1 
27,1 
30,0 
35,2 
38.9 
42.8 
50.9 
64.0 
74.8 
80.7 
87.9 
90.6 

wt % 

93.8 
94.1 
93 3 
9L5 
a 3 
S.3 
79.5 
752 
73,6 
74,2 
72,8 
72.0 
72 8 
72.4 
69 3 
59 5 
45.7 
39,1 
27 1 
21,8 

800°C 

Zn 

at » 

910 
96,8 
94,4 
9L3 
77,3 
77.7 
73.7 
71,4 
68,9 
69 1 
66,2 
6L8 
59 0 
55,8 
4&4 
359 
24.8 
19.3 
12 1 
940 

»t % 

6,07 
5.33 
5.17 
5.84 
1.53 
I.7D 

I L l 
13.1 
15.7 
UO 
14.9 
12.7 
94 
7.00 
3.69 
9.70 
3.U 
144 
670 
6.29 

U 

at * 

L74 
L51 
144 
L60 
2.U 
2.23 
2.13 
3.93 
4.04 
3.M 
3.72 
2.99 
2.09 
L48 
071 
a 16 
a047 
aozo 
00013 
00073 

TABtE A-9. Distribution of Uranium between MgCI; Salt and Zn-Mg Alloy at SOO'C 

Mg 

wt » 

023 
2.22 
5,71 
9,73 

12,9 
238 
35,9 
46,0 
56,6 
60,0 

al, * 

0.63 
5.92 

14.4 
23.4 
29.1 
46.5 
60,6 
69,8 
77,9 
80,2 

1 

wt % 

963 
93,7 
90,4 
84,2 
83,7 
72,7 
62,4 
53,4 
43,1 
39.9 

Metal 

Zn 

at. t 

98.5 
93,0 
84,6 
75,2 
70,2 
52,8 
39,1 
30,1 
22,1 
19,8 

wt % 

3,29 
4,08 
3,92 
603 
3,40 
3.54 
1.72 
O580 
0284 
0155 

U 

at. % 

0.922 
1.11 
1,01 
1,48 
0783 
0706 
0296 
0,0899 
a0399 
O0212 

U. wl * 

0720 
O0373 
O0212 
O0261 
O0184 
00390 
O0374 
O0230 
0 0236 
O0165 

Salt 

UCI3. md » 

O290 
O0149 
000848 
00104 
0X736 
00156 

• O015O 
000920 
0 00944 
000660 

Distribution Coef 

Ko. w i t /w l % 

022 
00091 
O0054 
00043 
00034 
0011 
0022 
O040 
O083 

an 

0. 

licient 

mol » / i l » 

032 
O013 
OOOM 
00071 
000)4 
0022 
OOSl 
a 10 
024 
031 

TABLE A-10. Ellect ol Uranium Conlent upon Uranium Distribution between 
MgCl2 Salt and Zn-23 at. * Mg Alloy al 800^ 

wt % 

10 3 
101 

9 47 
9.18 

Mg 

at. « 

23,7 
23,5 
23 4 
23.4 
23,1 
22,7 

Metal 

wt t 

88,7 
87,8 
86.0 
84,2 
82,8 
81.5 

Zn 

al. % 

76.1 
76.0 
75.6 
75.2 
75.0 
75.0 

1 

wt % 

1.00 
2.04 
4.11 
603 
7.76 
9 32 

J 

at % 

0236 
0483 
0992 
1.48 
1.93 
2,35 

U. wt I 

000160 
000880 
00181 
O0261 
O0394 
00520 

Salt 

UCl3.mol % 

0000640 
0,«352 
000724 
O0104 
00158 
00208 

Kd. 

Distribution C6eft 

wl %/wt t 

0X16 
O0O43 
O0O44 
0,0043 
O0051 
00036 

0. 

icietil 

mol %7aL t 

O0O27 

0X73 
0X73 
0X71 
00082 
00088 



TABLE A-11. Distribution ol Uranium between 50 mol % MgCl2-30 mol % NaCI-20 mol % KCl Salt 

Mg 

wt % 

003 
a72 
1.03 
8.88 

10,8 
12,4 
160 
18,5 
19,5 
21,9 
201 
24,2 
24,7 

25,1 

39,5 
49,3 
6O0 
72,3 
78,0 

at, % 

0,08 
1.92 
2.73 

208 
24.5 
27.6 
34.0 
38.1 
39.6 
43.5 
406 
47.1 
47.8 

48,5 
51,7 
63,8 
72.3 
801 
87.5 
90.5 

wt % 

99.8 
99.1 
98.8 
90.9 
89.0 
87.4 
83.5 
80.7 
79.6 
76,2 
78,7 
72,3 
7L5 
7L5 
70,5 
69,4 
60,0 
50,6 
4O0 
27,7 
22,0 

Metal 

Zn 

at. % 

99.9 
98.0 
97.2 
79.2 
75,4 
72,4 
65,9 
61,7 
60.2 
562 
591 
52.3 
51.5 
51.4 
507 
47.8 
36.1 
27.7 
19,9 
125 
9,49 

wt % 

0162 
a 170 
0170 
0,176 
O250 
O270 
0462 
O760 
0,940 
1,87 
1,24 
3,51 
3,82 
3,64 
4,41 
2.67 
0,488 
0111 
0,0373 
00181 
0,0147 

U 

al, » 

O0445 
OM62 
00)59 
00421 
0,0582 
00614 

aiM 
O160 
0.195 
0378 
0256 
0697 
0,755 
0718 
0,870 
0,505 
O0806 
00167 
0,X509 
0X224 
0,«174 

U. wl % 

00790 
0000690 
0.0006M 
0,0X320 
0,0X199 
00X197 
00X280 
0,0X720 
0,000484 
0,0X580 
0,X264 
0,0X570 
0X120 
0X265 
00X571 
0,000648 
0,000435 
0,0X367 
0,0X213 
00X174 
00X160 

Salt 

UCI3. mol % 

0.0266 
00X232 
0,0X202 
00X108 
0,0000669 
00000663 
00000942 
0000242 
00X163 
0,0X195 
0,000888 
00X192 
0000404 
0000891 
0,0X192 
0000218 
00X146 
00X123 
000X716 
000X585 
0,00X538 

Distribution 

K|j, wt »/wt % 

049 
00041 
0.X35 
0.X18 
000080 
00X73 
000061 
000095 
00X52 
00X31 

00X16 
00X31 

00X13 
000024 
000089 
0.X33 
0X57 
0.0096 
0011 

CoellicienI 

060 
0X50 
00044 
O0026 
0X12 
O M l l 
000094 
0X15 
000083 
00X52 
O0O47 
000028 
000053 
0.X12 
000022 
000043 

0X74 

TABLE A-12. Distribution of Uranium between NaCI-CaCl2-XMgCl2 Salt 
and Cu-15,8al, % Mg-1,03 at » U-Mg Alloy at 800»C 

Mg 

wt % 

671 
6,28 
6,29 
6,28 
6,36 
675 
6,37 
618 

at % 

163 
15,4 
15,4 
15,4 
15.5 
164 
15.6 
15.2 

Metal 

wl % 

38.8 
89,2 
891 
89,2 
89,5 
88,8 
88,9 
89,0 

Cu 

at, % 

82.6 
83.5 
83.4 
83.5 
83.5 
83.0 
83.2 
83.6 

wt % 

3.43 
3.52 
3.64 
3.66 
3,60 
3,48 
4,16 
4,22 

U 

at, » 

085 
088 
091 
092 
090 
0863 
LOI 
L06 

U. wt % 

00X574 
0.0146 
0.0446 
0177 
0464 
O105 
0322 
0367 

Salt 

UCI3. mol % 

00X20) 
0X524 
00161 
00654 
0178 
00387 
0122 
O140 

MgCl2. mol % 

2.65 
7.15 

107 
25.8 
53.3 
24.3 
46.4 
46.4 

Distribution 

Kj. wt %/wt % 

00x17 
O0041 
0.012 
O048 
013 
0030 
0077 
0087 

CoellicienI 

D. mol %/at. % 

000024 
00060 
0018 
O071 
020 
O045 
012 
013 

TABLE A-13, Dislribulion ol Uranium between NaCI-CaCl2-XMgCl2 Sail 
and Cu-16 at % Mg Alloy al 800°C 

Mg 

wl % al, % 

6.98 167 
7,18 17,2 
6,81 164 
6,69 162 

Metal 

wt % 

900 
89,6 
89,9 
897 

Cu 

at. % 

82.5 
82.0 
82.8 
83.0 

wt % 

3.x 
3.23 
3.31 
3.58 

U 

at % 

0734 
0789 
0814 
0883 

U. wl % 

00X784 
0X339 
O0217 
O108 

Salt 

UCI3. mol % 

00X280 
000622 
0X783 
O0397 

frtgCl2. mol % 

1.29 
5.83 

10.4 
24.7 

Distribution 

Ku, wt %/wt % 

000026 

axil 
00066 
O030 

CoellicienI 

D. mol %/at. % 

00X31 
0X15 
O0096 
O045 
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